Drought is a major constraint to the productivity of many crops affecting various physiological and biochemical processes. Seventy percent of the peanuts are grown in semiarid tropics that are frequently prone to drought stress. So, we analyzed its effect in 4 cultivars of peanut, with different degrees of drought tolerance, under 10 and 20 days of water stress using two-dimensional gel electrophoresis and mass spectrometry. A total of 189 differentially expressed protein spots were identified in the leaf proteome of all the 4 cultivars using PD Quest Basic software; 74 in ICGV 91114, 41 in ICGS 76, 44 in J 11 and 30 in JL 24. Of these, 30 protein spots were subjected to in-gel trypsin digestion followed by MALDI-TOF that are functionally categorized into 5 groups: molecular chaperones, signal transducers, photosynthetic proteins, defense proteins and detoxification proteins. Of these, 12 proteins were sequenced. Late embryogenesis abundant protein, calcium ion binding protein, sucrose synthase isoform-1, 17.3 kDa heat shock protein and structural maintenance of chromosome proteins were overexpressed only in the 15 and 20 days stressed plants of ICGV 91114 cultivar while cytosolic ascorbate peroxidase was expressed with varying levels in the 10 and 20 days stressed plants of all the 4 cultivars. Signaling protein like 14-3-3 and defense proteins like alpha-methyl-mannoside-specific lectin and mannose/glucose-binding lectins were differentially expressed in the 4 cultivars. Photosynthetic protein like Rubisco was down-regulated in the stressed plants of all 4 cultivars while Photosystem-I reaction center subunit-II of chloroplast precursor protein was overexpressed in only 20 days stressed plants of ICGV 91114, ICGS 76 and J11 cultivars. These differentially expressed proteins could potentially be used as protein markers for screening the peanut germplasm and further crop improvement.
Introduction
Peanut is the most important crop for edible oil production and cultivated heavily in almost all the tropical and subtropical countries. The productivity levels of this crop are low due to a number of abiotic factors among which drought is the single largest factor affecting various physiological and biochemical processes (Jaleel et al. 2008; Farooq et al. 2009 ). Plants start responding and adapting to drought stress at various levels such as morphological, anatomical and molecular level (Chaves et al. 2003; Timperio et al. 2008) . Response to drought stress also depends on the type of species and genotypes. The major molecular response to drought stress is altered gene expression in relation to various pathways associated with stress perception, signal transduction and synthesis of stress related compounds (Ramanjulu and Bartels 2002) . Plants also respond to stress by synthesizing novel proteins or up-regulating protein expression (Komatsu and Hossain 2013) .
Proteomic analyses of various crops revealed numerous drought-stress responsive proteins involved in photosynthesis, oxidative stress response, redox regulation, signal transduction, protein folding and secondary metabolism in rice (Salekdeh et al. 2002; Ke et al. 2009 ), wheat (Faghani et al. 2015) , sunflower (Castillejo et al. 2008) , soybean (Kunert et al. 2016) . Despite the agronomic and economic importance of peanut, very little is known about its molecular adaptive responses to drought (Luo et al. 2005; Kottapalli et al. 2009 ). Many biochemical processes in a cell are regulated by protein-protein interactions, post-translational modifications and enzymatic activities that cannot be identified by gene expression studies alone (Morris et al. 2007) . Therefore, proteomics is a powerful tool to study the molecular response of plants to biotic and abiotic stresses ). Despite the development of high-density oligonucleotide microarray using 49,205 ESTs available in the public domain, a very little information is known regarding the molecular changes due to drought stress in peanut ). Through genomic approach, Jain et al. (2001) identified 43 differentially expressed peanut transcripts responsive to drought (PTRD). Among them, 12 were completely suppressed under prolonged drought conditions, 2 were down-regulated and 2 up-regulated in response to drought stress. Guo et al. (2006) reported rapid induction of phospholipase D alpha (PLD) gene in the drought-sensitive lines under drought stress than in the drought-tolerant lines. Drame et al. (2007) investigated the involvement of phospholipids, proteases and LEA proteins in conferring drought tolerance in peanut plants and reported that accumulation of putative PLD and LEA proteins leads to increased drought tolerance. Devaiah et al. (2007) , using differential display of mRNA transcripts, identified the increased expression of two genes encoding Arachis hypogaea serine-rich protein (AhSrp) and Arachis hypogaea leucine-rich protein (AhLrp) under drought stress. Using differential mRNA display, Govind et al. (2009) showed that nearly 700 genes were enriched in subtractive cDNA library in response to gradual water stress. These 700 candidates include genes encoding kinases, transcription factors and phosphatases, late embryogenesis abundant proteins, heat shock proteins, DnaJ like proteins, aldehyde reductase, proline rich protein and defensins, and phytohormones such as brassinosteroids, auxin and cytokinin responsive genes. Pruthvi et al. (2013) carried out expression analysis of few drought stress responsive ESTs from cultivated peanut and reported the association of genes like cyclin T, proline amino peptidase and choline kinase to drought tolerance.
In peanut, proteomic analysis identified differential expression of diverse seed storage proteins in drought-tolerant and susceptible genotypes besides characterization of arachin and methionine-rich proteins from cultivated peanut (Basha and Roberts 1981; Basha et al. 2007 ). Katam et al. (2007) evaluated genetic diversity in 200 peanut cultivars by studying their seed and leaf protein contents and their response to water stress. Kottapalli et al. (2009) studied the differential expression of leaf proteins during reproductive growth stage under drought stress, in U.S. peanut mini core collections, at maturity phase. They identified 49 non-redundant proteins and reported the overexpression of lipoxygenase and 1L-myo-inositol-1-phosphate synthase proteins in tolerant genotypes under water-deficit stress. Some of the important proteins playing a significant role in drought tolerance include acetyl -CoA carboxylase, several lectins and proteins involved in cellular detoxification, signal transduction and energy metabolism, etc. A reference leaf proteome map was developed in drought-tolerant peanut cultivar, Vemana by Katam et al. (2010) . Recently, Katam et al. (2016) have done a comparative study on proteomic profiles of drought-tolerant and susceptible cultivars and also identified 42 unique protein interactions in tolerant cultivar and 20 interactions in susceptible cultivar. They reported that proteins like glutamine ammonia ligase, chitin class II, actin isoform B, and beta tubulin were unique to tolerant cultivar while serine/threonine protein phosphate PP1, choline monooxygenase, peroxidase 43, and SNF1-related protein kinase regulatory subunit beta-2 were not unique but induced upon drought stress in drought-tolerant cultivar. However, the data on protein expression in peanut under drought stress is still limited. Therefore, this study was undertaken with an aim of identifying and characterizing drought stress responsive proteins through 'proteomics approach' by subjecting 4 high yielding and locally adaptable peanut cultivars with varying degrees of drought tolerance, to different stress periods. The main aim of this study is to gain an understanding on the molecular basis of differential response of cultivars to water stress periods for the differential expression of proteins, thereby helping to improve productivity levels by developing high-yielding genotypes that can survive drought stress.
Materials and methods

Plant material
Four varieties of peanut (Arachis hypogaea L.), ICGV 91114, ICGS 76, J 11 and JL 24, with varying degrees of drought tolerance were obtained from the International Crops Research Institute for the Semi-Arid Tropics (ICRI-SAT), Patancheru, Hyderabad, Andhra Pradesh, India. ICGV 91114 is a high yielding (2.5-3.0 ton/ha), early maturing (90-95 days) bunch variety with an ability to withstand prolonged drought spells, tolerant to mid-season and end-of-season drought. ICGV 76 is another high yielding (1.3-1.8 ton/ ha) virginia bunch variety that matures in 120 days and has a good recovery from mid-season drought. J 11 is a spanish bunch type adaptable under a wide range of agro-climatic conditions while JL 24 is also a high yielding (1.5-2.0 ton/ ha) spanish bunch variety that matures in 90-95 days and is one of the most popular national varieties sown in areas where end-season drought is common.
Imposition of drought stress
The experiment was laid out in a completely randomized design with three replications for each variety and the seedlings/plants were maintained in the net house covered with water proof sheets during the experiment at the plant Genetics experimental farm, Department of Genetics, Osmania University, Hyderabad. Three independent pots were maintained for each control and stress treatment for each variety, considering each pot as a replication, with 4 seeds per pot. The seeds were sown at a depth of 4 cm in a pot measuring 225 mm height and 450 mm diameter. The pots were filled with a mixture of soil: sand at 2:1 ratio and nutrients like NPK fertilizers were added at a ratio of 2:3:2 for the growth of seedlings. They were watered regularly thrice a week for 20 days until the water stress was imposed. Drought was imposed by withholding water to the 20-day-old seedlings for 10, 15 and 20 days to ICGV 91114 while 10 and 20 days to other three cultivars, maintaining their respective controls. Fully expanded fresh leaf samples were collected at random from each replicate of the stressed plants of all the four varieties along with their respective controls on 31st and 41st days, respectively, quickly frozen in liquid nitrogen and stored at -80 °C prior to protein extraction.
Relative water content (RWC)
The RWC was estimated in 10, 15 and 20 days water stressed plants along with their respective controls in all the 4 cultivars. After recording the fresh weight of the collected leaves from 31st, 36th and 41st day-old seedlings, they were stored overnight in deionised water, in a refrigerator, at 4 °C and the next day, the turgid weight of the blotted leaves was recorded. Later, the dry weight of leaves, incubated in hot air oven at 60oC for 24 h, was recorded. The leaf RWC was then measured and calculated as per the method proposed by Sharp et al. (1990) using the formula, RWC (%) = [(FW − DW)/(TW − DW)] × 100, where FW is the fresh weight, DW is the dry weight and TW is the turgid weight. The leaf RWC is expressed as a percentage of fully turgid water content.
Protein extraction
Two grams of fresh leaf tissue (pooled from 3 replicates) of each variety was ground to fine powder in chilled mortar and pestle with liquid nitrogen and homogenized twice with 20 ml of cold acetone containing 10% trichloroacetic acid (TCA) and 0.07% β-mercaptoethanol (β-ME) for 30 s. This homogenate mixture was incubated overnight at − 20 °C and then centrifuged at 20,000 g for 30 min. The supernatant was discarded and the pellet was homogenized again with fresh acetone containing 10% TCA and 0.07% β-ME. This preprotein extraction procedure was repeated 3-4 times until all the pigments from the leaf tissue were removed. Later, this pellet was homogenized with cold acetone containing only 0.07% β-ME without TCA and centrifuged at 10,000 g for 20 min. This step was repeated twice and the pellet was air dried overnight.
Preparation of protein extract for 2-DE
The total leaf proteins were extracted by thorough vortexing and homogenization of the pellet in 5 ml of protein extraction buffer consisting of 8.8 M urea, 2.0 M thiourea, 4% CHAPS (3-[3-cholamidopropyl dimethylammo-o]-1-propanesulfonate), 20 mM Di-thiotheritol (DTT), 10% protease inhibitors cocktail and 0.01% biolytes. This homogenate was incubated at room temperature for one hour, centrifuged at 20,000 g for 30 min and filtered through a 0.45 QM filter. This protein extraction was repeated thrice and all the supernatants were pooled and the protein was estimated using Bradford assay (Bradford 1976) .
Two-dimensional polyacrylamide gel electrophoresis (2-DE)
The above purified total leaf proteins were resolved by 2-DE in two steps: in the first dimension by isoelectric focusing (IEF) and in the second dimension by SDS-PAGE. Briefly, 250 g of leaf protein was loaded onto 7 cm IPG strips (Bio-Rad) with pH 4-7 and kept overnight for rehydration. IEF of proteins was performed with 50 mA/strip with the following program:
Step-I: 250 V for 20 min. at a linear slope, Step-II: 4000 V for 2 h, Step-III: 4000 V, at a rapid slope for 10,000 Vh, and Step-IV: 4000 V at a linear slope for 30 min. Later, these strips were equilibrated with an equilibration buffer-I (containing 6 M urea, 2% (w/v) SDS, 20% (v/v) glycerol, 0.375 M Tris-HCl (pH 8.8) and 2% (w/v) DTT) for 15 min and then for another 15 min with equilibration buffer-II (containing 6 M urea, 2% (w/v) SDS, 20% (v/v) glycerol, 0.375 M Tris-HCl (pH 8.8) and 2.5% (w/v) iodoacetamide). At the end of equilibration, the strips were loaded onto the SDS-PAGE for the second dimension. In the second dimension, SDS-PAGE of all the protein samples, along with a prestained broad range SDS-PAGE marker (Bio-Rad), was performed using 12% (w/v) polyacrylamide gels with 5% (w/v) stacking gels. Electrophoresis was carried out in a Bio-Rad PROTEAN unit at a constant current of 20 mA/ gel in 1-X Tris-Glycine electrophoretic running buffer. After electrophoresis, the gels were fixed in a mixture of 40% methanol and 10% glacial acetic acid, stained with 0.25% colloidal Coomassie Brilliant Blue R-250 (CBB) and de-stained in a mixture of 40% methanol and 10% glacial acetic acid solution.
Image analysis
Protein profiles in the CBB-stained polyacrylamide gels were scanned as digitized images using GS-710 Calibrated Imaging Densitometer (Bio-Rad) with a scan density of 42.3 × 42.3 and saved as tagged image file formats. These protein spots were quantified using PD Quest Basic software version 8.0.1 (Bio-Rad) which includes spot detection, measurement, background subtraction and matching. The protein spots on the polyacrylamide gels obtained from control plants of all the 4 cultivars were differentiated into faint, small and large spots. These control gels were used as reference gels for comparison of spots on the polyacrylamide gels obtained from their respective stressed plants. The quantitative variations in the intensity of protein spots due to CBB staining of the polyacrylamide gels were corrected using normalization parameters and thus the gaussian images were created. These Gaussian images exhibiting the matching between the protein spots of controls and their respective stressed plants, of each of the 4 varieties, were retained and rest of the unmatched spots were removed using spot editing tool. Protein spots across the replicate gels of the control and stressed plants within a variety were subjected to auto spot matching by the 'classic match tool' in all the 4 cultivars. The unmatched spots on the member gels of the stressed plants were added to the reference gel (control gel image). Qualitative analysis, to know the presence of the spots, and quantification, of spots to know their intensity, was performed by employing the 'analysis set manager' tool. For quantification of protein spots in a set of gels within a variety, the outside limits were set as 0.5 and 1.5. The spots showing expression levels < 0.5 were considered as downregulated > 1.5 as more abundant and between these limits as unchanged or normal spots. On the basis of matching, differential spots were selected and analyzed as described below. Three replicates gels were analyzed for each sample to ensure reproducibility.
In-gel trypsin digestion
The CBB stained 2 DE gels were washed several times with ultra-pure water and protein spots of interest were excised from gels. These spots were de-stained in a solution containing 200 mM NH4HCO3 in 40% acetonitrile (ACN) for 30 min. at 37 °C and dried using speedvac for 15 min. These dry spots were subjected to in-gel trypsin digestion by the addition of 0.5 µg trypsin and reaction buffer consisting of 40 mM NH4HCO3 and 9% ACN and digestion was allowed to continue at 37oC overnight. After digestion, the peptide samples were extracted in 0.1% trifluoroacetic acid (TFA) and 50% ACN and stored at -20oC for MALDI-TOF analysis.
Mass spectrometry analysis
The trypsin digested peptides were loaded into a constricted GELoader tip (Eppendorf, Hamburg, Germany) packed with POROS R2 chromatographic resin (Perseptive Biosystems, Framingham, MA) with 5 mm porosity for desalting and concentration. The columns were equilibrated with 20 ml of 5% formic acid (FA) into which the digested samples were added. Later, the bound peptides were washed with 20 ml of 5% FA and eluted directly onto the MALDI target with 0.5 ml of CHCA solution (5 mg/ml in ACN, 0.1% TFA, 70:30 v/v). These samples were analyzed in an Applied Biosystems 5800 MALDI-TOF Proteomics Analyzer. The instrument was equipped with a nitrogen laser and operated in a positive-ion delayed extraction reflector mode. External calibration was performed using standard peptide/protein mixture. Usually, 250 individual spectra of each spot were averaged to produce a mass spectrum. The atmospheric air was used as collision gas to fragment the peptides and obtain the spectra. Peptide fragmentation was performed using collision-induced dissociation (CID) and 50 laser shots from five sample positions were summed up for each parent ion.
Protein identification and database search
Identification of proteins was performed by searching against the National Center for Biotechnology Information non-redundant (NCBInr) and SWISS-PROT databases using Mascot software (http://www.matri xscie nce.com) (Perkins et al. 1999 , Eriksson et al. 2000 with Viridiplantae (green plants) as the taxonomic category. The MASCOT search compares the experimental data to all the sequences in a database and returns the list of hits with decreasing scores, a measure of reliability of identification. The following parameters were used for database search with MALDI-TOF PMF data: (NCBI nr 20070216, 4626804 sequences, 1596079197 residues; Taxonomy Viridiplantae, 186963 sequences), trypsin as digesting enzyme, 2 missed cleavages allowed, carbamido-methylation, methionine-oxidation and deamidation (NQ) (variable modifications), monoisotopic mass, peptide mass tolerance at ± 100 ppm, unrestricted protein mass, 1 + peptide charge state. The search scores were represented as probability-based Mowse score − 10*Log (P), where P is the probability that an observed match was a random event. Protein scores greater than 65 were considered significant (p < 0.05) in NCBI and scores > 56 were considered significant in SWISS-PROT database. For a positive identification in MALDI TOF-MS, the peptide score should exceed or equal to minimum significant score. For database search with MS/MS spectra, the following parameters were used: (CDS combined KBMS5.0.20050302, 1967674 sequences, 672312456 residues; Taxonomy Viridiplantae, 177633 sequences), trypsin enzyme, carbamido-methylation, methionine-oxidation, deamidation (NQ) (variable modification), monoisotopic mass value, unrestricted protein mass, peptide mass tolerance at ± 1.0 Da, unrestricted protein mass, + 1, + 2, + 3 peptide charge state with one missed cleavage allowed. Proteins were considered detected if they were identified by more than two peptides per spot.
Predicting sub-cellular localization and functional annotation
Gene ontology was predicted for all the 30 proteins identified through PMF, by searching the identified protein ID in TargetP program (www. cbs.dtu.dk/services/TargetP) (Emanuelsson et al. 2007 ).
Statistical analysis
The data for RWC were recorded and analyzed through twoway analysis of variance (ANOVA) and the values were expressed as mean and standard error. The significance of the treatment effects was tested at 5% probability level (P = 0.05) using Tukeys test, which is one of the Post Hoc multiple comparisons of Two-way ANOVA of Windostat version 8.5.
Results and discussion
After withholding water to 20-day-old seedlings at vegetative phase, ICGV 91114, ICGS 76 and J 11 cultivars started showing the symptoms of wilting after 15 days of water stress while JL 24 variety wilted after 10 days of water stress. Hence, the study was conducted under mild (10 days) and severe (20 days) water stress conditions while in ICGV 91114 cultivar, the leaf proteome was studied at moderate (15 days) stress also to investigate the effect of drought stress on differential expression of proteins in the 4 cultivars ( Fig. 1 a, b, c, d ).
Effect of drought stress on relative water content (RWC) of leaf
Decrease in RWC is one of the early symptoms manifested during drought stress and is considered to be the best integrated measure of plant water status that represents variations in water potential (WP), turgor potential (TP) and osmotic adjustment (OA) in plant tissues (Rampino et al. 2006; Sanchez-Rodriguez et al. 2010 ). In our experiment, the 4 varieties evaluated for their drought tolerance exhibited significant reduction in RWC with an increase in the duration of water stress from 10 to 20 days (p < 0.01). The highest RWC was observed in ICGV 91114, followed by ICGS 76, J 11 and JL 24 in the 10, 15 and 20-day stressed plants including the controls (Fig. 2) . Groundnut is relatively a drought-tolerant crop with improved water use efficiency mechanisms that allow the plant to withstand water stress for certain period of time (Nautiyal et al. 2002) . RWC was reported to be one of the best indicators of plant water status in maize (Ritchie et al. 1990 ), wheat (Valentovic et al. 2006) and tomato (Sanchez-Rodriguez et al. 2010) for separating tolerant and sensitive cultivars. The ability of ICGV 91114 to maintain high RWC might be a resistant mechanism which is a result of more osmotic regulation maintained by accumulation of osmolytes (Padmavathi and Rao 2013) . On the contrary, JL 24 variety showed reduction in RWC to a greater extent, attributing to its inability to accumulate osmolytes for longer periods leading to decreased osmotic potential, thereby losing its turgor making it a susceptible variety.
Two-dimensional (2-DE) gel analysis of leaf proteins
On 2-DE gels, the total leaf proteins resolved in the range of 12-100 kDa between 4 and 7 pH with the majority of proteins separating between 20 and 40 kDa and 5.0-6.8 pH. Some proteins with molecular weights > 50 kDa did not show complete resolution resulting in clusters of multiple protein spots which is due to very similar molecular weights and a slight difference in pI values. Most of these clusters were concentrated between 4 and 7 pH with molecular weights in the range of 50 and 75 kDa. Quantification of protein spots on 2-DE gels, using PD Quest software, revealed the presence of 189 differentially expressed protein spots in the stressed plants of 4 cultivars against their controls. In ICGV 91114, a total of 74 differential protein spots were observed. Of them, 20 spots were seen in 10 DS (8 more abundant, 7 down-regulated and 5 new), 5 in 15 DS (3 more abundant and 2 new) and 14 in 20 DS plants (9 more abundant, 4 down-regulated and 1 new). A total of 14 protein spots were found in common among all the stressed plants, however, with variable levels of expression. 6 protein spots (spot No.23, 33, 34, 35, 51and 54) were common between 1 3 157 Page 6 of 21 10 and 15 DS, 14 spots were common between 15 and 20 DS while only protein spot No. 10 is common between 10 and 20 DS (Fig. 3 & Supplementary Table 1) . In ICGS 76, a total of 41 protein spots exhibited differential expression. In 10 DS, 17 spots were expressed more abundantly and 12 were down-regulated. Interestingly, 5 new spots; 19,20,21,22,23 appeared while spot No. 29 disappeared. Apart from the 26 common spots 13, 16, 17, 19, 20, 22, 24, 25, 26, 28, 30, 34, 38, 40 and Table 2 ). In J 11 cultivar, 44 protein spots showed differential expression, out of which 30 spots were expressed in 10 DS that include 9 spots that were down-regulated, 12 spots expressed more abundantly, (15,17,19,23, 27, 28 and 30) and 2 spots (25 and 26) that disappeared. Both 10 and 20 DS showed 14 protein spots in common. There was no change observed in the expression of Spot No. 32, 33, 34, 38, 40, 41 and 44 in 10 DS in comparison with controls while in 20 DS, these spots were expressed more abundantly and also all the new spots observed in 10 DS did not show any expression in 20 DS (Fig. 5 and Supplementary Table 3) . In JL 24, of the 30 protein spots, 28 spots were expressed in 10 DS (12 more abundant, 16 down-regulated and 2 new) and 2 spots in 20 DS. Among these 30 spots, 14 spots were common between 10 and 20 DS, however, with different levels of expression (spot No. 5,6, 12, 13 and 25 were more abundant in 10 DS while down-regulated in 20 DS. Similarly, spot No. 1, 2, 3, 7, 8, 9, 10, 15, 17, 18, 19, 20, 21, 26, 27 and 30 were expressed only in 10 DS and did not show any sort of expression 20 DS (Fig. 6 and Supplementary Table 4). Fig. 2 Relative water content in 4 cultivars of peanut subjected to 10, 15 and 20 days of water stress. Four seeds from each variety were sown in pots filled with a mixture of soil and nutrients in a green house. Pots were watered regularly thrice a week for 20 days until the water stress was imposed. Drought was imposed by withholding water to the 20-day-old seedlings for 10, 15 and 20 days. At the end of experiments, the relative water content of leaves was estimated as described in methods. The bars represent mean ± SD and the bars that do not share common superscript differ significantly (p < 0.05) Fig. 3 The 2D gels showing the leaf proteome of peanut cultivar ICGV 91114. The leaf protein extracted from drought stressed and respective control plants from 10 (a), 15 (b) and 20 days (c) was subjected to 2D-gel electrophoresis as described in methods. The images were digitized and quantified densitometrically (Fig. 7) .
Ontological classification of proteins
The 30 identified proteins were grouped into different categories based on their sub-cellular localization, biological process and molecular function according to the annotation in the Viridiplantae taxonomic database. These proteins when queried using Targetp software revealed their localization in various cell compartments, mostly plastids, cell membrane and nucleus, etc. The data on biological process showed that over 20% of proteins were defense related, 12% stress responsive, 12% signaling, 12% DNA repair, 12% carbohydrate metabolism, 12% photosynthesis, 4% detoxification and other 4% lipid biosynthesis. The molecular function of these proteins indicated their involvement in protein binding, antioxidant activity, sugar binding, kinase activity, etc. (Fig. 8 ). Of these, 12 proteins were sequenced using MALDI TOF-TOF (Table 4) . These 12 proteins were categorized into 5 different groups; (a) molecular chaperons (LEA-1, 17.3 kDa Hsp and structural maintenance of chromosome-1), (b) signal transduction proteins (Susy-1, Calmodulin-binding protein, 14-3-3), (c) photosynthetic proteins (PS I, small and large subunits of Rubisco), (d) defenserelated proteins (putative lectins and M/G binding lectins) and (e) detoxification proteins (APX-1). Corresponding spot numbers of the proteins in each variety are provided in (Supplementary Table 5 ).
Molecular chaperons
Among the 3 molecular chaperons, LEA-1 proteins showed over expression in 15 and 20 DS plants of ICGV 91114. Plants adapt to water deficit by the induction of specific genes encoding LEA proteins (Granier 1988 ). An increased expression of LEA proteins in ICGV 91114 might be attributed to one of the primary defense mechanisms to prevent the loss of intercellular water during drought. During water stress, LEA proteins prevent cellular collapse by adjusting osmoticum along with other hydrophilic proteins and compatible solutes (Xiong and Zhu 2002; Tunnacliffe and Wise 2007) and also act as molecular chaperones (Wise and Tunnacliffe 2004) . Another class of stress inducible proteins commonly expressed during environmental stresses are small heat shock proteins (sHSPs). In our study, sHSPs with 17.3 kDa M. Wt. were up-regulated only in the 15 and 20 DS of ICGV 91114 cultivar and the other cultivars did not exhibit any expression. Similarly, Katam et al. (2016) also reported abundant expression of heat shock proteins like disulfide isomerase-2 (PDI2) in drought-tolerant peanut cultivar, Vemana and reduced expression in susceptible cultivar. These proteins were known to assist in protein folding, assembly, translocation and degradation during plant growth and development (Park and Seo 2015) . Drought stress causes unfolding and denaturation of proteins making them dysfunctional during which these sHSPs prevent the aggregation of denatured proteins and assists in refolding of non-native proteins by acting as molecular chaperones (Vierling 1991; Boston et al. 1996; Close 1996) . Their function may be restored back by the interaction of 17.3 kDa HSPs with osmolytes, cell signaling molecules, cell cycling and cell death regulators (Wang et al. 2004) . The other classes of proteins namely SMC-1 protein complexes have multiple functions like sister chromatid cohesion, condensation, repair of eukaryotic chromosomes and are essential to 2D-gel electrophoresis as described in methods. The images were digitized and quantified densitometrically for faithful chromosome segregation (Wang et al. 2004; Lehmann 2005) . Overexpression of SMC-1 protein in 15 and 20 DS plants of ICGV 91114 implies better protection of its DNA from damages leading to double-strand breaks in DNA and mutations, reduced protein synthesis, cell membrane destruction and damage to photosynthetic proteins caused by reactive oxygen species (ROS) during drought stress (Britt 1999; Nasmyth and Haering 2005) .
Signal transduction proteins
The 15 and 20 DS plants of ICGV 91114 exhibited over expression of Susy-1 while all other varieties did not exhibit its expression. It is an important enzyme belonging to the family glycosyltransferase-1 that participates in carbohydrate metabolism, catalyzing the reversible conversion of sucrose and UDP to UDP glucose and fructose in various metabolic pathways (Sebkova et al. 1995; Cooke et al. 2003) . Similar results were reported in the phloem cells of leaves and roots of Arabidopsis (Strum et al. 1999) . Phosphorylation of Susy-1, under severe drought stress, activates sucrose cleavage reaction enabling the plant to meet the increased demand for translocation of carbohydrates under limited ATP supply (Winter and Huber 2000) . Calcium ion binding protein (CalM 42), also a signaling protein, was overexpressed only in the 15 and 20 DS of ICGV 91114 and did not show any expression in other 3 cultivars. In Arabidopsis thaliana, this protein is known to interact with calcium sensors and aid in trichome branching, the specialized epidermal structures that protect against drought stress (Dejardin et al. The most significant class of signaling proteins, 14-3-3 proteins, were expressed more abundantly in 10, 15 and 20 DS of ICGV 91114. In ICGS 76, this protein was expressed in minute quantities compared to their controls in 10 DS and expressed more in 20 DS while it is down-regulated in 10 and 20 DS of J11. In the susceptible cultivar, JL24, the expression of this protein is almost negligible in 10 DS while 20 DS did not exhibit any expression. Katam et al. (2016) also reported the expression of these 14-3-3 proteins at higher levels in drought-tolerant peanut cultivar. These 14-3-3 proteins are a part of conserved regulatory protein family that binds to serine/threonine-phosphorylated residues expressed in all the eukaryotic cells with a striking ability to bind to signaling proteins like H + ATPases, protein kinases, phosphatases and transmembrane receptors that assist in regulation of stress responsive proteins (Ferl 1996) .
Binding of these 14-3-3 proteins to other phosphorylated drought stress responsive proteins might result in rapid adaptation of enzymatic activities and metabolic pathways under water stress (De Vetten and Ferl 1994) .
Photosynthetic proteins
Water stress is one of the most important environmental factors inhibiting photosynthesis due to damage of chlorophyll pigments, thereby reducing their light harvesting capacity (Graan and Boyer 1990) . During photosynthesis, chlorophyll pigments in photosystem-II are excited by sunlight releasing electrons and energy in the form of an ATP molecule required for the break down of water molecule (H 2 O) into ½O 2 and 2H + maintaining an electron gradient which is further excited in photosystem-I to produce NADP ++ H + . This highly energetic NADPH molecule is Fig. 6 The 2D gels showing the leaf proteome of peanut cultivar JL24. The leaf protein extracted from drought stressed and respective control plants from 10 (a) and 20 days (b) was subjected to 2D-gel electrophoresis as described in methods. The images were digitized and quantified densitometrically then fed into the Calvin cycle to carry out carbon fixation. Hence, overexpression of Photosystem-I reaction center subunit-II of chloroplast precursor protein in the 20 DS plants of ICGV 91114, ICGS 76 and J 11 varieties might help in the uninterrupted supply of NADPH during photosynthesis to ensure the supply of substrates to carbon skeleton for various metabolic pathways conferring increased drought tolerance. However, the decline in the intracellular levels of CO 2 might create an oxidative stress leading to the destruction of photosynthetic apparatus, changes in the conformation of chloroplast proteins, imbalances in the ions and other macromolecules making JL 24 the most susceptible (Lauer and Boyer 1992; Bray et al. 2000) . Ribulose-1,5-biphosphate carboxylase/oxygenase (RuBisCo) is the key photosynthetic enzyme that plays a significant role in the fixation of CO 2 in C3 plants which can be quickly remobilized under stress (Jensen and Bahr 1977) . Many studies reported the reduced expression of RuBisCo under drought stress (Parry et al. 2002) while the studies in the drought-tolerant peanut cultivar, Vemana by Katam et al. (2016) , reported high abundance of RuBisCo under stress conditions. Kottapalli et al. (2009) reported the reduction in photosynthesis-related proteins in tolerant genotypes during water stress which includes proteins like Rubisco LSU and SSU, oxygen evolving enhancer protein of PS II and chlorophyll a/b binding proteins. However, in our study, both larger and smaller subunits of Rubisco exhibited down-regulation in all the stressed plants of 4 varieties compared to their respective controls while PS I reaction centre subunit II protein showed overexpression in severely stressed plants of ICGV 91114, ICGS 76 and J11 cultivars. Overproduction of reactive oxygen species (ROS) during drought stress cleaves the large subunit of Rubisco directly or modify it to become more susceptible to proteolysis (Feller et al. 2008) . 
Defense related proteins
Lectins are carbohydrate-binding proteins that specifically recognize diverse sugars and mediate a variety of biological processes (Lis and Sharon 1998) . Several studies indicated the induction of different lectins with diverse functions from cell wall modification to regulation of gene expression in response to both abiotic and biotic stresses (Vijayan and Chandra 1999; Van Damme et al. 2004 ). In our study, alpha-methyl-mannoside-specific lectin was overexpressed only in the 20 DS plants of ICGV 91114 and either did not exhibit (or) showed almost negligible expression in other three cultivars. Similarly, the other classes of lectins like mannose/glucose-binding lectins also showed increased expression in all the stressed plants of ICGV 91114 cultivar only and showed reduced expression/negligible in other 3 cultivars. However, no expression is seen in 20 DS of JL24 cultivar. Similarly, Bhushan et al. (2007) reported expression 
Detoxification proteins
Cytosolic ascorbate peroxidase-1 (APX-1) enzyme that plays a key role in regulation and signaling of H 2 O 2 in plant cells is yet another protein that accumulated in larger quantities in all the stressed plants of ICGV 91114, ICGS 76 and J 11 varieties under drought stress. During drought stress, ROS produced in the chloroplasts and peroxisomes traverse to the nuclei through cytosol (Davletova et al. 2005; Asada 2006; Van Breusegem and Dat 2006) . APX-1 is required for the protection of chloroplasts against ROS and in its absence, the ROS scavenging machinery is significantly compromised (Mittler et al. 2004) . Grimplet et al. (2009) reported that increased production of ascorbate by APX activity restored the oxidation levels during stress in the drought-tolerant cultivar. APX was significantly down-regulated in 20-day stressed plants of JL 24 leading to the accumulation of hydrogen peroxide in the cytosol triggering cell injury and death and thus making this variety the most drought susceptible. Similarly, Katam et al. (2016) reported negative interaction of APX in the drought susceptible peanut cultivar.
Comparative analysis of expression levels of identified proteins in 4 varieties
The following proteins: cytosolic ascorbate peroxidase, photosystem I reaction center subunit II of chloroplast precursor, alpha-methyl-mannoside-specific lectin, mannose/glucose binding lectin and 14-3-3 proteins were identified and analyzed for their differential levels of expression in 10 and 20 DS plants of all the 4 varieties. There was an increase in the expression levels of APX protein by 1.5 folds indicating its up-regulation in 10 DS plants compared to their respective controls in all the 4 varieties, while in 20 DS plants of ICGV 91114, ICGS 76 and J 11 there was an increase by twofold exhibiting over expression, whereas in JL 24 this protein exhibited a significant down-regulation. Photosystem I reaction center subunit II of chloroplast precursor protein exhibited an increased expression by > 2 folds in 20 DS plants of 3 varieties while this protein did not express in rest of the treatments and controls (Fig. 9a) . The alpha-methylmannoside-specific lectin exhibited upregulation only in the 20 DS plants of ICGV 91114 and mannose/glucose binding lectin proteins exhibited upregulation in the 10, 15 and 20 DS of ICGV 91114 while 14-3-3 proteins exhibited upregulation in 10, 15 and 20 DS of ICGV 91114 and only 20 DS of ICGS 76 (Fig. 9b) .
Conclusion
Considering the prominent role peanut crop plays in our economy as an oilseed crop, identification of genotypes tolerant to drought stress plays a significant role in improving productivity levels. The 30 drought-tolerant proteins identified in the present investigation could be used as a reference library for probing the drought-tolerant proteins in other crops. The twelve proteins that were sequenced namely LEA-1, calcium ion binding protein, Susy-1, 17.3 kDa heat shock protein, SMC-1, cytosolic ascorbate peroxidase, 14-3-3 proteins, alpha-methyl-mannosidespecific lectin, mannose/glucose-binding lectins, PS I and Rubisco were reported to confer a significant role in drought stress from previous studies and also the current study. A repository of these proteins provides a basis for exploring 
